One of the early stages of Klebsiella pneumoniae airway infections may involve biofilm formation. Bacterial biofilm formation is frequently investigated using in vitro techniques that facilitate identification and analysis of individual genes. We investigated the correlation between K. pneumoniae biofilm formation in vitro and ability to cause infection in vivo following construction of a bank of mini-Tn5 mutants.
The role of biofilm formation and development by bacteria has been suggested to be an important stage in the pathogenesis of numerous bacterial species (1, 3, 19) . The establishment of biofilms by pathogenic bacteria on the tissues of susceptible hosts is believed to inhibit the effectiveness of antibiotic treatment, protect against host defense mechanisms, and facilitate bacterial communication leading to expression of virulence determinants. In order to produce a biofilm on appropriate surfaces, several investigations have established that multiple genetic systems are involved and biofilm development can be inhibited or altered in a broad range of mutants (2, 5, 10, 12, 20, 21) . We have previously demonstrated that growth of Klebsiella pneumoniae on abiotic surfaces is facilitated, in part, by the MrkA type 3 fimbrial protein, whereas growth on surfaces coated with a human extracellular matrix (HECM) requires the presence of the type 3 fimbrial adhesin MrkD (6, 7) . In order to investigate in vitro the genetics of biofilm formation by K. pneumoniae on surfaces, we constructed a bank of insertion mutants in strain 43816, a K2-positive isolate that is also virulent in a murine model of respiratory infection. Mutants that were altered in biofilm formation in vitro were also examined for their ability to infect animals in vivo.
Identification of biofilm-defective mutants. Following construction of a bank of Tn5 insertion mutants in K. pneumoniae 43816 as previously described by our group (7), a total of 2,000 mutants were examined for their ability to grow on either abiotic plastic surfaces or on HECM-coated microtiter plates. The development of a biofilm in vitro was detected using the procedure of O'Toole and Kolter (11) , and the method of coating microtiter plates with HECM has been described in detail by us elsewhere (14) . Four mutants consistently demonstrated a reduced ability to grow on at least one of the two surfaces. One of these mutants, K. pneumoniae MBM100, was unable to express type 3 fimbriae and has previously been described by our group (7). The remaining three mutants were fully fimbriate and, therefore, the decrease in their ability to form biofilms in vitro was not due to the lack of type 3 fimbriae on their surfaces. The biofilm phenotype of each mutant is shown in Fig. 1 . Three mutants exhibited significantly reduced growth on both abiotic and HECM-coated surfaces of microtiter plates, whereas one mutant, K. pneumoniae HFL101, demonstrated decreased growth only on HECM-coated surfaces ( Fig. 1) . In all cases the mutants exhibited similar growth rates in vitro when cultured in the media used in the biofilm assays. Therefore, the reduction in growth on the surfaces of the microtiter plates was not due to differential growth in the media during the course of the experiments.
Site of mini-Tn5 insertion in biofilm-deficient mutants. Either subcloning of Sau3A1 or NotI DNA fragments or arbitrary PCR analysis followed by DNA sequencing and comparison to genes and open reading frames deposited in databases was used to identify the sites of transposon insertion within the genome of K. pneumoniae 43816. As indicated previously, the mini-Tn5 of K. pneumoniae MBM100 had been located within the yadH gene (7). It is not clear why a mutation in yadH should result in a nonfimbrial phenotype, but restoration of type 3 fimbriation did restore the ability to form a biofilm (7).
FIG. 1. Production of a biofilm on the surfaces of uncoated (hatched bars) and HECM-coated (shaded bars) microtiter plates by K. pneumoniae 43816 and mini-Tn5 insertion mutants. Bacteria were incubated in plates containing glycerol-Casamino Acids broth, and crystal violet was used to quantitate biofilm formation as previously described (7) . The bars indicate means Ϯ standard errors of the means from three experiments.
In Escherichia coli, yadH is a putative, membrane-bound component of an ABC transporter system.
For mutant K. pneumoniae MHV1, the site of Tn5 insertion is in the putative yciI gene, which is also found on the E. coli genome and the function of which is unknown. As in E. coli, the K. pneumoniae yciI gene is adjacent to tonB and, therefore, the mini-Tn5 insertion could have a polar effect on this gene. It has been demonstrated in E. coli that tonB mutants are attenuated and, as indicated below, K. pneumoniae MHV1 is avirulent in the mouse model of respiratory infection. Consequently, we cloned the K. pneumoniae tonB gene by PCR using the genome of strain 43816 as template. However, the recombinant plasmid possessing only the tonB gene did not complement K. pneumoniae MHV1 in restoration to virulence, although it partially increased the ability of transformants to form a biofilm in vitro compared to the mutant. However, the biofilm formed was still significantly less than that of the parental strain, K. pneumoniae 43816.
The third and fourth mutants isolated, K. pneumoniae HFL100 and HFL101, exhibited insertion of the mini-Tn5 at two distinct regions on the K. pneumoniae genome and were at sites most closely related to the yhdH and pduC genes of Salmonella enterica serovar Typhimurium, which encode a putative oxidoreductase and glycerol dehydratase, respectively (8) . As for the mutants above, it cannot be concluded that these two genes specifically play a role in biofilm formation in vitro, since the insertion of the mini-Tn5 at these sites could have effects on adjacent genes. However, it is clear that these insertions give rise to reproducible and significant changes in the ability of the mutants to grow on solid surfaces in vitro (Fig. 1) .
Virulence of mini-Tn5 insertion mutants. As indicated in Table 1 , K. pneumoniae 43816 is highly virulent in the murine model of airway infection. Intranasal inoculation of 10 3 organisms resulted in 100% lethality up to 5 days postinfection. Significant numbers of bacteria could be isolated from the lungs, liver, and spleen of surviving infected animals 48 h postinfection. As shown in Table 2 , three of the mutants, K. pneumoniae MBM100, HFL100, and HFL101, that exhibited reduced biofilm formation in vitro were fully virulent in vivo, and all animals succumbed to infection, following intranasal inoculation, within 5 days. However, K. pneumoniae MHV1 was avirulent via the intranasal route of infection, and even after infection with relatively high doses (10 7 organisms) all animals remained healthy up to 28 days postinfection. In order to determine if strain MHV1 was reduced in virulence after direct inoculation without growth on the respiratory mucosa, individual groups (n ϭ 5) of animals were injected intraperitoneally with either 10 3 , 10 5 , or 10 7 bacteria. Only at the high inoculum level (10 7 bacteria) were animals lethally infected ( Table 2 ). These data suggest that yciI and the region around tonB in K. pneumoniae encode important virulence determinants of strain 43816. As mentioned above, infection of the urinary tract by E. coli is attenuated in tonB mutants (17) , and this gene may facilitate the survival of bacteria both on mucosal surfaces and during systemic infection by facilitating effective uptake of iron from the host. However, as indicated above, the cloned tonB gene of K. pneumoniae did not restore virulence to strain MHV1. Therefore, we believe that both yciI and tonB play an important role in the virulence of K. pneumoniae 43816.
Since it has been suggested that biofilm formation by pathogenic bacteria is an important stage in the infective process for many different species, we decided to investigate the correlation between biofilm formation in vitro and virulence in vivo for K. pneumoniae. In our studies, three of four independent biofilm-defective mutants of K. pneumoniae 43816 exhibited virulence properties identical to that of the parental strain, suggesting that the inability, or reduced ability, to grow on solid surfaces in vitro does not always correlate with a reduced ability to grow in vivo. In the murine model of Klebsiella airway infection, the bacteria can colonize the respiratory tract and subsequently invade through this organ system. Consequently, growth on the respiratory mucosa would represent an important stage of infection. However, it is difficult to mimic the conditions encountered in vivo by growth in vitro. Clearly, our results indicate that some of the genes responsible for the development and growth of K. pneumoniae 43816 on the surfaces of microtiter plates are different from those required for growth in the murine lung. In some cases, however, in vitro screening for determinants that also play a role in vivo can reveal important virulence factors. K. pneumoniae MHV1 is a mutant that is severely attenuated for growth in vivo and was 
Biofilm formation determined using the microtiter plate assay after incubation for 18 h at 37°C.
b Virulence measured as 100% lethality following intranasal inoculation with 10 3 CFU. c Strain HFL101 exhibited reduced biofilm growth on HECM-coated surfaces but not on untreated plates.
originally isolated as a strain with a reduced ability to form a biofilm in vitro. Therefore, for K. pneumoniae pathogenesis, the in vitro biofilm assay has the potential to identify putative virulence genes, but individual determinants have to be assessed in vivo to confirm their role.
Another consideration, however, when investigating K. pneumoniae airway infections is the relevance of the animal model system to mimic human infections. For example, although K. pneumoniae 43816 is virulent for mice, many isolates implicated in human airway infections are avirulent in the murine model, even though they belong to the same capsular serotype (Table 3) . Many epidemiologic studies have indicated that human airway infections are most frequently associated with the K2 capsular serotype of K. pneumoniae (4, 9, 15) . However, as indicated in Table 3 , K2-positive isolates implicated in human infections do not consistently cause infections in the mouse model. Also, infection of mice by strain 43816 can occur in healthy animals, whereas the majority of human infections by K. pneumoniae occur in compromised individuals (13, 16, 18 ). Consequently, we tested several clinical isolates of K. pneumoniae, representing different capsular serotypes and isolated from either blood or tracheal aspirates of infected individuals, for their virulence in the murine model (Table 3) . Most of these isolates did not cause lethal infections following intranasal inoculation of animals, unlike strain 43816. Our group has recently developed an in vitro system to investigate growth of human isolates of K. pneumoniae on human extracellular matrices in a continuous-culture flow cell (6) . We believe that the use of this system in conjunction with the animal model of infection provides complementary approaches to examine the stages of infection by K. pneumoniae. Our results highlight the importance of using both in vivo and in vitro approaches to investigate the pathogenesis of an organism that causes human airway infections.
Editor: V. J. DiRita 
